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In the last decade, the rise of two-dimensional (2D) materials has attracted a tremendous amount of interest for the
entire field of photonics and opto-electronics. The mechanism of light-matter interaction in 2D materials challenges the
knowledge of materials physics, which drives the rapid development of materials synthesis and device applications. 2D
materials coupled with plasmonic effects show impressive optical characteristics, involving efficient charge transfer, plas-
monic hot electrons doping, enhanced light-emitting, and ultrasensitive photodetection. Here, we briefly review the recent
remarkable progress of 2D materials, mainly on graphene and transition metal dichalcogenides, focusing on their tunable
optical properties and improved opto-electronic devices with plasmonic effects. The mechanism of plasmon enhanced
light-matter interaction in 2D materials is elaborated in detail, and the state-of-the-art of device applications is compre-
hensively described. In the future, the field of 2D materials holds great promise as an important platform for materials
science and opto-electronic engineering, enabling an emerging interdisciplinary research field spanning from clean energy

to information technology.
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1. Introduction

Since graphene was first successfully exfoliated from
graphite in 2004, great attention and efforts have been de-
voted to two-dimensional (2D) materials. With the develop-
ment and innovation of growth technology, more and more 2D
materials have been discovered and synthesized so far.>3! The
chemical vapor deposition (CVD) methods gradually replace
the mechanical exfoliation, which can provide large-area sin-
gle crystal films with high quality.[* These atomic thin ma-
terials with the breakthrough of integration technologies ac-
celerate the on-chip device applications in fields of sensing,
communications, and photodetection. [®]

The group of 2D materials is a big family, involving
graphene, graphene oxide (GO), hexagon boron nitride (h-
BN), and transition metal dichalcogenides (TMDs).[-%1 Be-
cause of their extraordinary electronic, optical, and mechan-
ical properties, 2D materials hold huge potential for applica-
tions in nano-photonic and opto-electronic devices. Notably,
the electronic mobility of graphene is extraordinarily high (>
100000 cm?-V~1.s~1) due to the ballistic transport of charge
carriers, performing 100 times faster than Si transistors.[!]
Currently, the fastest graphene transistor was reported in 2010
showing 300 GHz cut-off frequency.!'!! In addition, the elec-
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tronic energy band of 2D materials is strongly influenced by
the number of 2D layers. For example, when bulk MoS, is
thinned to monolayer structure, it transforms from an indirect
to a direct gap semiconductor.!'>!3] Besides, MoS, monolayer
has strong exciton photoluminescence (PL) at room temper-
ature due to its tightly bound exciton with remarkable bind-
ing energy (> 500 meV).l'*"1®1 Moreover, the 2D films are
also known as “ultra-strength materials” with high mechan-
ical elasticity (strained over 125%) and Young’s modulus,
which are utilized to produce high-performance flexible opto-
electronic devices with organic materials. [!7-2%]

In this paper, we briefly review the recent progress of 2D
materials in optical properties, and enhanced optical and opto-
electronic performance based on plasmonic effects. Initially,
we will discuss the fundamental optical properties of 2D mate-
rials and their inherent weakness in poor optical cross-section.
Graphene and MoS; are typical candidates to study the physics
on light—matter interaction, including optical absorption, exci-
tonic PL, and surface plasmon of 2D materials. Additionally,
we outline the mechanism of plasmon enhanced light—matter
interaction of 2D materials, and the state-of-the-art plasmon-
coupled 2D devices. Their PL and absorption can be dra-
matically enhanced by the effect of plasmonic hot electrons
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doping and near-field enhancement. 2D materials perform ul-
trafast and ultrasensitive photoresponse with plasmonic struc-
tures, which can be further applied in a large spectral range
from UV to near-infrared. Finally, we highlight the properties
and advantages of 2D devices for a wide variety of applica-
tions among photocatalysis, photo-thermo, and light-emitting.

2. Light-matter interaction in 2D materials
2.1. Optical absorption of 2D materials

2D materials show unique optical properties, such as
large optical cross-section and high transmittance, which are
suitable for transparent electrodes and opto-electronic de-
vice applications.>!=23] Graphene can be optically observed
from the color contrast on top of a SiO,/Si substrate, de-
spite being a single atom sheet with a form of hexagonal
carbon lattice, as shown in Fig. 1(a).[** The color contrast
of graphene can be adjusted by changing the SiO; thick-
ness and switching the illumination wavelength.”>! Graphene
has a linear dispersion in electronic structure, and it is de-

fined as a “semi-metal” material because of its zero band
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gap. The transmittance (7') of a freestanding single-layer
graphene can be expressed in terms of the fine-structure con-
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sal optical conductance is Gop=e? /4% ~ 6.08 x 107> Q! ,[20]
A graphene sheet only reflects < 0.1% of the incident light
in the visible region, and only absorbs over 2.3% of the vis-
ible spectral range. The absorption spectrum of graphene is
quite flat from 300 nm to 2500 nm with a main absorption
peak in the ultraviolet region (~ 270 nm), which is due to the
interband transition of the electrons./?’! It is reported when
a graphene layer is patterned into an array of closely packed
graphene nanodisks, the optical absorption of graphene can
be increased to above 30% at resonance frequencies in the
infrared range.*®?°! The absorption enhancement can be ac-
tively tuned by changing the nanodisk size, gate voltage, and
interparticle spacing. Cutting graphene into nanostructures
can modulate the resonant absorption, which possesses great
potential for near-infrared and infrared optoelectronic applica-
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Fig. 1. (color online) The optical properties of 2D materials. (a) Optical image of single layer graphene and bilayer graphene.?*! (b)

Multi-exciton transformation of MoS, monolayer with electric gate doping.!!”]

and trion formation in TMDs. 3%/

The direct band gap semiconductor is an ideal candidate
for light-emitting devices due to the direct electron transition
without the loss of momentum. MoS, monolayer is widely
known as an n-type semiconductor, which is caused by intrin-
sic sulfur vacancy defects.**) In a monolayer film, Mo atoms
are sandwiched between two-layered S atoms with a height of

0.65 nm. Their atomic thickness strengthens the interaction of

(c) The schematic view of optical absorption, exciton

exciton and charge carriers, forming tightly bound charge ex-
citons, namely, trion.*!] When applying back gate voltages on
a monolayer MoS; transistor, the absorption spectra show ob-
vious tuning with variant gate biases as shown in Fig. 1(b).[!"]
The absorption peak at —80 V is dominated by neutral exciton
A and trion A-. Trion A- consists of one hole of up-spin and

two electrons of opposite spins. As the negative gate voltage
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decreases, exciton A is sensitive with doping charge carriers,
resulting in a spectral evolution. When the voltage is increased
to 0 V, it is hard to track the peak position, and even up to
470V, the spectrum is completely dominated by trion A-.
Figure 1(c) shows the schematic view of light—matter in-

(32331 In the valley of direct band

teraction in MoS; monolayer.
gap, free electrons and holes generated by illumination cool
down to the extreme points of the conduction band and va-
lence band separately, and form an exciton at a lower exci-
ton energy level (dotted line in Fig. 1(c)). There are three
characteristic absorption peaks of MoS, monolayer, involv-
ing exciton A, exciton B, and trion A-. Their energies can
be expressed as PLy = E; — s, PLp = E; + A — &g, and
PLA =E; —&€x —&x—, where Ej is the direct band gap energy
of single-layer MoS,, A is the valence band splitting energy,
and €4, €p, and €4 are the binding energies of exciton A,
exciton B, and trion A-, respectively. The energy difference
of exciton A and exciton B is arising from the valence band
splitting at the K-point in the Brillioun zone originating from

(141 By theoretical prediction and ex-

the spin—orbit coupling.
perimental verification, the exciton binding energy of MoS; is
determined to be as large as 500 meV, and the binding energy
of the trion is about 20 meV at room temperature.'!>! Besides,
MoS,; absorption spectra are closely related to the environ-
ment temperature.**! Exciton and trion both redshift as the
temperature increases, which is attributed to the temperature-
induced variation of lattice parameters. In addition, exciton

and trion spectra broaden as the temperature increases and be-

come almost indistinguishable above 230 K. This temperature-
dependent broadening is attributed to the increase of the scat-
tering rates.

2.2. Optical emission of 2D materials

PL study has been extensively used to probe radiative re-
combination and the emission properties of 2D materials. Al-
though graphene is a zero band gap semi-metal, the ultrafast
laser pulse can generate a large number of non-equilibrium

[35.36] Begides, the luminces-

carriers, resulting in hot photons.
cence of graphene could also be realized by inducing a band
gap, such as cutting it into graphene quantum dots (GQDs), 7!
or other chemical and physical treatments.’831 By far, the
PL of graphene-based materials has been extensively pro-
duced covering the ultraviolet, visible, and infrared spectral
range. %] It has been widely reported that the GQDs can be
prepared by top-down and bottom-up methods.*!! Notably,
the PL mechanism of GQDs is unclear but certainly related
with the quantum effect. It is reported that PL. of GQDs can be
modulated by changing the structure size, edge state, concen-
tration, and pH of solution, as shown in Fig. 2(a). However, the
PL efficiency of individual GQDs is still a great challenge for
practical applications. Some graphene oxides with an opening
band gap emit PL with a broad spectral lineshape. In Fig. 2(b),
it is reported that single layer graphene flakes can shine bright
luminescence via mild oxygen plasma treatment, which is as-

sociated with oxygen-related defect states.3®!
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Fig. 2. (color online) Light emission of graphene. (a) PL of graphene quantum dots fabricated by “top-down” method.!”) (b) Graphene

shine luminescence via mild oxygen plasma treatment. 138!

MoS,, as a member of TMDs family, performs highly
efficient and multi-exciton PL in the monolayer regime, al-
though its bulk material is an indirect band gap semiconduc-

12,13.331 P properties

tor with negligible photoluminescence. !
of MoS, are varied with the layer number and environmen-
tal temperature. By measuring MoS, PL spectra with layer

number N = 1-6, the direct band gap of materials at the K-

point does not change with the layers, but the direct exciton
transition at the K-point gives different quantum efficiencies
for monolayer and few layers.[!*! With increasing laser power
from 200 W to 40 mW at 4 K, it is found that the variation
of total integrated intensity of exciton A and B is linear with
the laser power. The PL peaks broaden and redshift as the

temperature increases from 4 K to 300 K.[4?]
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In addition, MoS, PL intensity and peak energy can be
modulated in the charge doping process, involving physical
and chemical methods. The electrical gating of PL and opti-
cal absorption in MoS, monolayer has been investigated. 43!
When the gate voltage is decreased from +50 V to —50 'V, a
hundred-fold enhancement in PL intensity is observed, but the
peak energy remains nearly constant. In Fig. 3(a), it shows

the report of strong PL enhancement of MoS,, as high as

thousands-fold, which is arising from defect engineering and
oxygen bonding.[** Such a huge PL enhancement is attributed
to oxygen bonding induced heavy p-doping, as well as high
quantum efficiency of exciton localized at defect sites. The
chemically adsorbed oxygen provides a much more effective
charge transfer (0.997 electrons per O;) compared with the

physically adsorbed oxygen.
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Fig. 3. (color online) PL tuning of MoS, monolayer. (a) Defect engineering and oxygen bonding enhancing MoS, PL.!3! (b) Chemical
molecules interaction tuning MoS; PL.[#5] (¢) Mechanical strain induced MoS; PL changing.m]

In Fig. 3(b), it has been reported that the tunable PL prop-
erties of MoS; monolayer can be realized by using the chemi-
cal doping technique.!*! The PL intensity of MoS, monolayer
is drastically enhanced by the adsorption of p-type dopants
(FATCNQ and TCNQ). Inversely, the PL signal is reduced by
the adsorption of n-type dopants (NADH). These PL modula-
tions result from the switching of exciton and trion PL contri-
bution depending on the charge density of MoS,. The doping
electron density in the procedure of this chemical interaction
is estimated as 5.8 x 10'3 cm~2. As shown in Fig. 3(c), a novel
electromechanical device with controllable biaxial compres-
sive strain has been reported to modulate MoS, PL. The PL
spectra can be increased up to 200% with a 40% reduction in
the full-width for an applied strain of ~ 0.2%.!8]

2.3. Surface plasmon of 2D materials

Surface plasmon is the collective oscillation of free elec-
trons in the metal and 2D materials, which can concentrate
light into electron propagation behaviors using subwavelength
structures.*®! Also, optical properties of 2D materials can
be actively controlled by controlling electronic doping./1%47]
In physics, the principle of surface plasmon can be under-

stood by the repeating transition of free electrons near the
Fermi level of materials. When structures are excited by light,
the oscillating electromagnetic field acts as the applied force,
driving the electrons surrounding the positive nuclei period-
ically along the field direction. Meanwhile, the Coulombic
attraction performs as the restoring force pulling the elec-
trons back. According to the propagation length, the sur-
face plasmon can be divided into two types, one is the lo-
calized surface plasmon (LSP), and the other is the surface

).148-311 Both effects in metal nanos-

plasmon polaritons (SPPs
tructures and nanoparticles have been investigated widely for
several decades, which has developed a class of applications
for super-resolution imaging, efficient energy harvesting, near-
field imaging and sensing. Here, we briefly introduce the plas-
monic effects derived from 2D materials and their nanostruc-
tures, which has been developed into an emerging interdisci-
plinary research field in recent years.

In 2012, the experimental phenomena of surface plasmon
propagation in single layer graphene has been first reported,
as shown in Fig. 4(a).[?! By fabricating tapered graphene rib-
bon on SiC substrate, the propagating surface plasmons were
lauched and detected using near-field scattering microscopy
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Fig. 4. (color online) Surface plasmon of graphene and MoS,. (a) Gate-tunable surface plasmon polariton of graphene nano-ribbon.%?! (b)
Size-dependent localized surface plasmon of graphene nano-ring structures.!?8! (c) Plasmon resonance of highly doped MoS,. >l

with infrared light excitation. The plasmon modes and their
associated optical signals of graphene can be tuned electrically
by gate doping, which changes the concentration of charge
carriers and the Fermi level of graphene. The observed plas-
mon wavelength is more than 40 times smaller than the exci-
tation wavelength.

An alternative way to open the gap of graphene is pat-
terning graphene nanostructures. The absorption phenomena
of graphene nanostructures are associated with plasmon reso-
nance, which is flexibly controlled by changing the shape and
size of graphene nanostructures. In Fig. 4(b), it is reported
that absorption spectra of graphene nanostructures can be con-
trolled by tailoring the plasmon resonance of nanostructures,
via both gate doping and plasmon hybridization.?8°! Their
Fermi level variation enables the fast control of the plasmon
wavelength, whereas changing the structure parameter allows
us to operate the antibonding modes of narrow rings at a wave-
length of 3.7 um. This approach can be extensively utilized to
yield tunable plasmons in the near-infrared or even in the vis-
ible range.

The density of electrons in pristine MoS; monolayer is
about 10'3 cm™2, which is much lower than that of graphene
and other metal materials, hence it is really hard to observe the
surface plasmon resonance of MoS; monolayer in the visible
spectral range. >3] In Fig. 4(c), it is reported that MoS, plas-
mon resonance can be observed in the visible and near UV
wavelength by electrochemically injecting lithium into MoS;
nanoflakes.’* These plasmon resonances are activated and

controlled by the electrochemical force induced heavy dop-
ing, which contributes to the formation of the semi-metal state
of Li,MoS,.

3. Plasmon-coupled 2D materials and devices
3.1. Plasmon enhanced light—-matter interaction

The interplay of surface plasmon and emitters has been
extensively reported, involving dye molecules and quantum
dots.
matter interaction has not been concluded in the materials sys-

However, the influence of plasmon enhanced light—

tem of 2D materials. The mechanism of plasmon enhanced
light-matter interaction can be understood in the following
several aspects: enhanced light scattering, strengthened near-
field intensity, plasmonic hot electrons doping, and strong cou-
pling.

The metallic nanoparticles and nanostructures will absorb
and scatter light signals due to their dielectric constant in phys-
ical nature. In Fig. 5(a), small particles act as a light scatter-
ing source in the near field distance, and the light path can
be increased resulting in enhanced light-matter interaction. >3
This enhancement effect is usually weak in the practical ap-
plications. The resonant absorption of surface plasmon will
generate huge field enhancement, especially for smaller mode
volumes, and the radiative properties of exciton in TMDs can
be dramatically modified. In quantum-electrodynamic theory,
exciton recombination is treated as a dipole emission, and its
photonic local density of states can be modified by the en-
vironmental electromagnetic field. If the exciton energy is
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overlapped with the surface plasmon resonant (SPR) energy,
the excitonic radiative decay rates are dramatically enhanced,
leading to improved quantum yield. Particularly, the position
and orientation of the dipole emitter play a significant role in
PL enhancement of TMDs. 5! Besides, the effective cross sec-
tion of metallic nanostructures is even bigger than their geo-
metric size, which means that the SPR induced field performs
as an objective lens with high numerical aperture collecting
more emission signal into free space.®’]

The damping process of SPR can generate radiative pho-
ton or non-radiative hot electron—hole pairs via Landau damp-
ing. First, hot electrons are generated in the metal due to pho-
ton absorption, then move towards the metal/semiconductor
interface. For example, if the energy of hot electrons is larger
than the Schottky barrier energy of TMDs, the hot electrons
will jump through and inject into TMDs as free carriers, lead-
ing to the change of dielectric constant and photocurrent. In

spectral characterization as shown in Fig. 5(b), TMDs’ PL
shifting and intensity attenuation are mostly related with hot
electrons doping effects during an ultrafast process.®®! Even,
the energy level occupation of hot electrons will induce phase
transition of TMDs at low temperature.®®! In addition, the
coupling strength is important for the hybrid system of TMDs
and plasmonic nanostructures. The strong coupling is deter-
mined by the relation between exciton and plasmon, where
the average dissipation rate in the system is larger than the
exciton—cavity energy exchange rate. Plasmonic lattice struc-
tures benefit both from the LSR induced field enhancement
and high quality lattice modes, providing greater freedom for
efficient manipulation of exciton—plasmon couple strength, as
shown in Fig. 5(c). The splitting absorption spectra of TMDs
with plasmonic nanostructures are attributed to the strong cou-

pling effect.[60-61]

(b)’é SiIsio, —— Si/Si0,/Mos, (c)
5 244 AuNA —— AuNAMOS,
AVAVA VS \/ VVV . _% AuNA/ALO, —— Au NAVALO /MoS,

PL intensity/10*

Fig. 5. (color online) The mechanism of plasmon enhanced light-matter interaction of 2D materials.
induced light scattering enhancement.!>! (b) Plasmonic hot electrons injection induced PL spectra tuning. 8]
modes coupled with MoS, exciton resulting in strong coupling. (0]

3.2. Surface plasmon enhanced optical signals

The direct band gap luminescence of some 2D materi-
als (i.e., MoS,, h-BN, GO) is remarkable for the properties
of strong exciton binding energy and high emission efficiency.
However, the atomic thin thickness remains a great challenge
for light-matter interaction, involving weak light absorption
and poor PL efficiency, which limits their development and ap-
plication in sensing and detecting devices. An alternative way
to solve this problem could be constructing hybrid structures
incorporating the plasmonic effect with 2D semiconductors.
The origin of the enhancement effect is the localized elec-
tromagnetic field in the vicinity of the metal nanostructures,
which is generated by the metallic plasmonic resonance effect.
Some distinctive works on hybrid structures are presented to
discuss the interaction of surface plasmon and exciton.

In Fig. 6(a), it is reported that MoS; absorption and PL
can be actively controlled by depositing golden nanoparticles
onto a MoS, monolayer, which shifts the exciton binding en-
ergy as large as 15 meV with increasing laser power.['%! In this
plasmon-assisted process, plasmonic hot electrons are gener-
ated and transferred into MoS; flakes, resulting in n-type dop-
ing. The injected doping charges change the dielectric per-

640
Wavelength /nm

680 720

(a) Metallic nanoparticles
(c) Plasmonic lattice

mittivity of materials and strengthen the exciton binding en-
ergy. This spectroscopic tuning is strongly associated with Au
nanoparticle concentrations, excitation laser wavelengths, and
laser intensities. The Drude model can be used to represent
the effective permittivity with hot electrons doping, and the
doping density can be estimated from the experiment data of
binding energy changing. The contribution of the hot elec-
trons doping effect is dominant in this work due to the strong
absorption of 5 nm golden nanoparticles. In another work,
the lattice mode of Ag nanodisks coupled with MoS; exciton
showing tunable optical absorption, which can be elaborated
in a two oscillator model.[®?! Laser induced exciton popula-
tion changing will affect the modes modulation of plasmonic
lattices. The changing dielectric constant of MoS; can be
expressed as the change of photoexcited exciton. These two
works are totally different, the former is in the view of elec-
tronics, and the latter concentrates the topics on the photonics.

Typically, the PL enhancement of TMDs with metal
nanostructures is usually around 100-fold. However, other
group reported a giant PL enhancement of WSe,, as high as
20000-fold®3) Figure 6(b) shows the SEM image of suspend-

ing WSe, flakes over sub-20-nm-wide trenches on a gold sub-
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strate. The huge enhancement of PL intensity is attributed
to the huge resonant absorption at 633 nm laser in a lat-
eral gap, which efficiently boosts the light—matter interaction
in WSe,.
deep trenches provides an effective way to obtain giant PL in
TMDCs.

Figure 6(c) shows the schematic view of MoS, monolayer
[64]

The local confinement of electromagnetic field in

coupling with plasmonic nanocavity.'®* The silver nanocubes
were fabricated onto golden film constructing nanocavities
less than 15 nm. Two resonant modes can be tuned respec-
tively, which provides a flexible and tunable plasmonic plat-
form to control the optical process of 2D materials. Notably,

a 2000-fold enhancement of MoS, PL is realized, which con-

(a)

tributes in two ways, one is tailoring absorption enhancement
at the first harmonic frequency, and the other is increasing PL
efficiency at the primary resonance.

In addition to intensity enhancement, PL spectra of 2D
materials influenced by the plasmonic effect also show peak
broadening and energy shifting. In Fig. 6(d), it has been re-
ported that the phase transition of MoS; can be observed in
a vacuum chamber at 77 K. By combining Au nanoparticles
with MoS, monolayer, plasmonic hot electrons transfer into
MoS, flakes, inducing a transient and reversible phase transi-
tion from 2H to 1T.5% The evidence for this phase transition
is the appearance of characteristic Raman modes of the octa-
hedral phase and a redshift change in the PL spectrum.

Unpattemed

PL intensity/arb. units

Wavelength/nm

Fig. 6. (color online) Surface plasmon enhanced optical properties of 2D materials. (a) Plasmonic hot electrons doping of MoS, monolayer. %]
(b) Giant enhancement of WSe, PL by fabricating plasmonic trenches.[®3! (c) Absorption and PL enhancement of MoS; by tailoring two
plasmonic resonant modes of silver cube. %4 (d) Plasmonic hot electrons induced transient phase transition of MoS, monolayer. 1591 () MoS,

PL tuning by “bow-tie” structure induced Fano resonance. ]

The Fano resonance in plasmonic nanostructures is the
spectral interference between a narrow discrete resonance and
a broad continuum state. Because their line shape and spectral
position are very sensitive to small perturbations, it is quite
attractive for a wide range of applications on sensing.[63:66]
It is reported that MoS, spectra can be modulated by tun-
ing the Fano resonance of a plasmonic bowtie, as shown in
Fig. 6(e).1! At 77 K, the MoS, exciton with a sharp reso-
nance couples with broad plasmonic modes, giving rise to the
Fano resonance, which can be tuned by altering the coupling

strength via changing the structural parameters of the bowties

lattice.

3.3. Surface plasmon enhanced photodetection

The optoelectronic devices based on 2D materials have a
broad range of applications due to their outstanding electronic
properties and unique optical properties. Plasmonic nanos-
tructures play an important role in harvesting optical signals
from UV via visible to near-infrared range, which help to con-
vert light energy into photocurrent.*$4°1 Figure 7 shows a
few kinds of 2D materials photodetection with the plasmon-

assisted enhancement effect.
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Figure 7(a) is a sandwich graphene photodetector with
plasmonic clusters integration.[%®! The heptamer golden nan-
odisks are sandwiched between two graphene monolayers
yielding a graphene-antenna photodetector, which performs an
800% enhancement of the photocurrent relative to the pristine
graphene device. The plasmonic induced enhancement effect
comes from two ways: one is due to the plasmonic hot elec-
trons generation in the decay channel, the other is caused by
the enhanced excitation of intrinsic graphene electrons. The
sensitive absorption of the detector can be tailored by chang-
ing the structural geometry of the plasmonic clusters. The in-
ternal quantum efficiency of the device can be up to over 20%
through the visible to near-infrared spectral range.

In a plasmon-coupled graphene photodetector, a maxi-
mum amplification enhancement of the photovoltage was ob-
served more than 20 times by taking advantage of the strong
field enhancement of the plasmonic nanostructures.[®! As
shown in Fig. 7(b), the selective excitation of wavelength
and polarization can be achieved by employing nanostruc-
tures with different geometries, such as stripes, nanodisks,
and dimer disks. The photoresponse with polarized light de-
pends on the resonant excitation of structure-dependent plas-
monic modes, that is, the transverse polarization generates
much stronger enhancement than the longitudinal polarization

in stripe structures.

(b)
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Fig. 7. (color online) Surface plasmon enhanced photodetection of 2D materials. (a) Plasmonic heptamer-antenna enhanced graphene sandwich
photodetection. 8] (b) Plasmonic nanostructures enhanced graphene photodetection.[® (c) Surface plasmon enhanced photodetection based
on 2D heterostructure.!”"! (d) Hot electron-based near-infrared photodetection of bilayer MoS,.”!

Figure 7(c) shows the plasmon-assisted photodetectors
device based on vertical stacked 2D materials.!”®! The device
possesses an enhanced external quantum efficiency as high as
30%, which is arising from the strong light-matter interaction
in these atomically thin layers. On a graphene/WS,/graphene
stacked 2D device, the Fermi level of the two graphene lay-
ers can be appropriately adjusted separately via gate electro-
static doping. Plasmonic nanospheres acting as optical res-
onators are further utilized to increase the photocurrent of h-
BN/graphene/MoS,/graphene heterostructures, where the op-
tical field in the active layer is dramatically enhanced, allowing
for a 10-fold increase in the photocurrent.

In Fig. 7(d), a bilayer MoS, photodetection with hot elec-
tron injection has been reported, which is designed in the
near infrared range.!”l The designed nanostructures can gen-
erate plasmonic hot electrons jumping over the Schottky bar-
rier of MoS;/Au. A huge photo-gain as large as 105 times
is obtained, and the photoresponsivity is 5.2 A/W at 1070 nm.
The systematic investigations were performed to exclude other
effects, including decay induced photo-thermo-electrical ef-
fect and traps induced photo-amplification effect. The device
performance is much higher than silicon-based hot electron
photodetectors, which reveals that 2D semiconducting TMDs
present strong light—matter interaction resulting in large pho-
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tocurrent production.

Other types of MoS; photodetections have also been in-
vestigated widely. It is reported that a three-fold enhancement
of photocurrent has been achieved on few-layer MoS, with pe-
riodic Au nanoarrays.!”!! And a dye-sensitized MoS, photode-
tector was realized by depositing rhodamine 6G (R6G).["?]
The proposed photodetector shows a maximum photorespon-
sivity of 1.17 A-W~! and a total effective quantum efficiency
(EQE) of 280% at 520 nm. It is reported that the MoS; pho-
todetection with copper phthalocyanine shows a photorespon-
sivity of ~ 1.98 A-W~! and an external quantum efficiency of
~ 12.57%.1731 Because TMDs possess inequivalent valleys in
electronic band structures, the circular photogalvanic current
of TMDs can be generated by switching linear polarized light
to circular polarized light periodically. The magnitude and di-
rection of this spin-coupled valley photocurrent can be further
controlled by an external electric field. ]

4. Other device applications of 2D materials

The interface problem has sparked wide interest, espe-
cially on a 2D material heterostructure stacked with van de
Waals force.[?%75761 Several works have been reported that
the surface plasmon resonance of carbon dots and GQDs can
be excited in the UV-visible range.!”37 It is reported that
an effective and active-controlled optical doping process can
be realized by depositing GQDs solution onto MoS, mono-
layer, which induces the charge transfer at the interface of
the GQD/MoS, heterostructure, as shown in Fig. 8(a).[8%! The
doping effect is induced by the charge tunneling of localized
surface plasmon of GQDs, which is further used to modulate
the degree of circular polarization of MoS, monolayers.

In the field of environmentally-friendly energy, 2D semi-

conductors hold great potential in photocatalytic hydrogen
production. Plasmonic coupled MoS; enable better production
of hydrogen due to their enhanced absorption and fast elec-
tron mobility. The illustration of hot-electron-assisted MoS;
catalysis is shown in Fig. 8(b).[8!] With plasmonic hot electron
doping, the interface resistance between Au NPs and MoS; is
reduced, and the photo-excited transient 1T phase of MoS; ex-
hibits a better catalytic performance. The enhanced catalytic
activity for plasmonic effects exhibits an accumulative behav-
ior with each round of laser illumination from 0 to 25 mW.

Besides the doping effect, the absorption of surface plas-
mon also produces a localized thermo-effect heating the envi-
ronment. It is reported that the photoluminescence emission
of MoS; can be tailored by switching off- and in-resonance
excitation of plasmonic nanorod, as shown in Fig. 8(c).[3% Us-
ing a temperature calibration procedure based on PL spectral
characteristics, the local temperature distribution has been es-
timated. The temperature of plasmon-coupled MoS; is nearly
four times higher than that of referenced MoS,.

Photonic crystal cavities, with low loss and strong field
restriction, can extremely enhance the light—matter interaction
in the artificial structure. Figure 8(d) shows a nanoscale laser
based on 2D quantum materials and the photonic cavity. %3]
The novel laser is a low-threshold device, where WSe, mono-
layer is chosen as the gain medium due to its high PL effi-
ciency in the visible range. An L3 type of photonic crystal
cavity is prefabricated on a GaP thin membrane without ab-
sorption overlapping the WSe2 PL. The three missing holes
in the photonic crystal play a significant role in enhancing the
spontaneous emission efficiency, where the Q-factor is about
10* representing 40-fold enhancement. The temperature effect
and reproducibility of the laser device are analyzed in detail,

) P

EL intensity/arb. units

1.8 1.9 2.0 2.1
Photon energy/eV

Fig. 8. (color online) Other device applications of 2D materials. (a) GQDs tuning MoS; luminescence. 1801 (b) Plasmonic hot electrons
enhanced MoS, photocatalysis.[8!! (c) Plasmon-induced photo-thermo effect on MoS, monolayer.®?! (d) Photonic crystal microcavity
pumping MoS; laser.83! (e) Electrically controlled valley-LED device. 8!
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showing a stable and reproducible laser device for practical
applications. In addition, the strong light-matter interaction
can be realized in a Bragger reflection photonic cavity with
CVD-grown MoS,. The angle-resolved spectra show a Rabi
splitting of 46 £ 3 meV in reflectivity and PL spectra, which
is arising from the coupling between MoS; exciton and cavity
photons. 34!

TMDs monolayers possess two inequivalent valleys in the
vicinity corner of the honeycomb Brillouin zone.[3>86! If the
charge carriers can be confined and controlled in one of the
specific valleys, the valleytronic device based on spin-valley

d.[7381 A5 shown in Fig. 8(e), it is re-

coupling can be achieve
ported that the valley-LED device based on WS, monolayer
can be modulated with gate tuning.'® This fabricated device
shows classical rectification properties because of the p—i—n
heterostructure. By modulating the direction and amplitude of
the forward bias current, valley polarization EL can be actively
controlled. The EL emission among neutral exciton, trion,
and bound exciton varies with switching electrostatic doping.
This circularly EL can be understood that electrons of oppo-
site spins occupy at K and K’ valleys separately, and the largest
degree of circular polarization was observed as high as 81% at
77 K. A series of valley emitting devices among TMDs have
been widely researched by charge doping, selective optical ex-
citation, and temperature-dependent tuning.

5. Conclusion and perspective

In conclusion, we have reviewed the state-of-the-art as-
pect of 2D materials among graphene, TMDs, and some hy-
brid structures. The optical properties of graphene and TMDs
have been summarized, and the physical mechanism of light—
matter interaction in these atomic thin materials has been elab-
orated. The plasmon-assisted devices based on 2D materials
have been developed at a remarkable level for a wide variety
of application fields, among light-emitting, photo-catalysis,
and environmental-friendly energy. Although lots of intrigu-
ing physical phenomena and high performance devices have
been observed and realized experimentally, exploiting the dis-
tinct advantages of 2D crystals and their superior devices is
still full of challenges. In perspective, we propose several re-
search directions for 2D materials of great importance, which
are worth being discussed thoroughly in the future.

1) The quality of 2D materials 2D materials can be
synthesized from several routes, including CVD growth, me-
chanical exfoliation, and solvothermal method. Each method
has its own advantages and disadvantages, but the issues of
common concern are the defects induced from inhomogenous
growth and the impurities induced from the transfer process.
For example, the sulfur vacancies existing in MoS, monolayer
seriously influence the PL efficiency and electronic mobility.

The graphene nanoribbon transistors with zig-zag and arm-
chair edge may show different performance in electrical mea-
surements.

2) The interface problem of 2D hybrid structures Hy-
brid structures based on 2D materials give enhanced optical
signals and broad spectral photoresponse. However, the role of
the interface between 2D material heterostructure and metal-
2D semiconductor should be carefully discussed and systemat-
ically studied. The light-matter interaction of 2D heterostruc-
tures, such as carrier generation, charge transfer, and exci-
ton coupling, occurs in the femtosecond timescale, which re-
quires femtosecond pump-probe measurements to scrutinize
their complicated physical phenomena. Charge transfer at a
Schottky junction of a metal/2D semiconductor plays a signif-
icant role in optical and electronic measurements, and mod-
ulating the band structure and Fermi level of materials is
paramount for studying the hot electrons doping effect.

3) The future device applications 2D materials are a
big family with rapid development and innovation. In this re-
view, graphene and TMDs are mainly discussed. Other novel
2D materials with growing attention, such as phosphorus and
silylene, may provide even more possibility for functional ap-
plications in the future. However, for the prospects of com-
mercialized production of 2D devices, it is still in an early
stage. The reported 2D devices in the lab with distinct advan-
tages and high performance have to face the challenge in the
compatibility of large-scale CMOS integration at a low cost.
In general, we are looking forward to the future of 2D mate-
rials, and expecting a great and prosperous time of 2D device
applications.
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